ABSTRACT In this paper, we investigate the sum-rate maximization of cellular users (CUs) and device-todevice (D2D) pairs for the D2D communications underlaying cellular networks over the Nakagami-m fading channel. We consider a resource-abundant scenario where the number of CUs is more than that of D2D pairs and discuss the joint optimization of signal-to-interference-plus-noise ratio (SINR) thresholds and CU-D2D pairing. We formulate the problem as mixed-integer non-linear programming, which is NP-hard in general.
I. INTRODUCTION
As smart mobile phones become more and more popular, the mobile data traffic increases dramatically in recent years [1] - [3] . To fulfill the massive demand of mobile data access, Device-to-Device (D2D) communications [4] are proposed to further improve the capacity of cellular networks.
In the literature, most of works that focused on the resource allocation of D2D communications underlaying cellular networks are based on the time-invariant channel. Li et al. [5] proposed a coalition game method to maximize the sum rate of D2D underlaying cellular networks. Yu et al. [6] optimized the throughput of D2D networks while satisfying the rate requirement of cellular users (CUs). Feng et al. [7] considered the resource allocation problem in the case that one CU shares its resource with only one D2D pair. The energyefficient resource allocation of D2D networks are discussed in [8] - [10] .
In urban area or indoor scenarios, the channel is usually time-variant. It is necessary to investigate the resource allocation in the scenarios with time-variant channel. Wang et al. [11] investigated the optimal matching of D2D links and CUs to maximize the system sum-rate under transmit power and outage constraints when the full channel-state information is unknown. Wu et al. [12] discussed the subcarrier assignment and power allocation for D2D Video Transmission in Rayleigh fading channels. Joshi and Mallik [13] developed an analytical framework for a D2D-enabled downlink cellular network with Nakagami-m fading channel. Peng et al. [14] derived the success probability, spatial average rate, and area spectral efficiency performance for the D2D networks under Rician fading channel. Li et al. [15] investigated the performance of D2D communications underlaying cellular networks using stochastic geometry under Rician fading channel. However, Wang et al. [11] , Wu et al. [12] , Joshi and Mallik [13] , Peng et al. [14] , and Li et al. [15] only considered how to analyze or optimize the performance of the D2D networks when the SINR threshold is given. They neglected the fact that if the SINR threshold for each communication link can be carefully selected, the overall network performance can be further improved.
In this paper, we investigate the sum-rate maximization in the D2D communication underlaying cellular networks over Nakagami-m fading channel by jointly optimizing the SINR thresholds and CU-D2D pairing. In LTE standard [16] , each SINR threshold corresponds to the selection of modulation schemes and coding rates. That is, by optimizing the SINR thresholds, we can select the optimal modulation scheme and coding rate for each transmission, which thus improves the network performance. We consider the resource-abundant case such that the number of CUs is more than that of D2D pairs and formulate the sum-rate maximization problem as a mixed integer non-linear programming (MINLP). Furthermore, a two-step approach is proposed to solve the problem. In particular, we first add virtual D2D pairs to make the number of D2D pairs equal to that of CUs, and derive the nearoptimal signal to interference noise ratio (SINR) threshold for each possible CU-D2D pairing by applying the Simulated Annealing (SA) algorithm. Then, we use Hungarian (HG) algorithm to obtain the optimal CU-D2D pairing. Simulation results show that the proposed SINR threshold outperforms the other commonly used SINR threshold setting policies by about 11.3% -63.4%, and compared with several state-of-theart resource allocation policies, HG allocation can achieve an average sum-rate improvement of 10.9% -72.8%.
The remainder of this paper is organized as follows. In Section II, we present the network model and channel model and discuss the transmission rate calculation in LTE standard. In Section III, we present the problem formulation. In Section IV, we discuss the solution to the formulated problem. Section V carries out simulations to evaluate the performance of the proposed algorithms. Section VI concludes this paper.
II. SYSTEM DESCRIPTION A. SYSTEM MODEL
We consider a single-cell cellular network which contains a base station (BS), a set of CUs and D2D pairs, as shown in Fig. 1 . The D2D pairs share the uplink resource of CUs, and the resource-abundant case is considered. That is, the number of CUs is more than the number of D2D pairs. To avoid mutual interferences between D2D pairs and reduce the impact of D2D transmissions on the cellular transmissions, we assume that the resource of each CU is at most shared by one D2D pair.
We adopt Nakagami-m fading channel model. Let E [.] denote the expected value. Then, according to [13] , the probability density function (PDF) of channel gain g, f g (l), equals
Here, m ∈ [ 1 2 , ∞) is the channel fading coefficient, which indicates the severity of fading, and (m) is a Gamma function which equals ∞ 0 t m−1 e −t dt. We further adopt the block fading model, in which the channel gain does not change during a packet transmission but independently varies in different packet transmissions [17] .
Our goal is to maximize the sum-rate of all the CUs and D2D pairs by properly allocating the resource of CUs and choosing the SINR thresholds.
B. TRANSMISSION RATE OF WIRELESS DEVICES IN LTE STANDARD
In LTE standard, each device has a rate adaption module, which changes the modulation scheme and coding rate according to the channel condition. Each configuration of the modulation scheme and coding rate corresponds to a required minimum SINR, which is called the SINR threshold. That is, the transmission is successful only when the SINR at the receiving device is bigger than the specified SINR threshold; otherwise, transmission failure occurs and the current packet needs to be retransmitted. When the channel condition is good, the transmitting device will use a higher-order modulation scheme and a higher coding rate to achieve higher transmission rate, which corresponds to a higher SINR threshold.
In this paper, we use Shannon's capacity formula to approximate the relationship between the instantaneous transmission rate R max and the specified SINR threshold γ 0 . That is, R max = W log (1 + γ 0 ). Here, the unit of R max is ''nats/s'' since natural logarithm is used. Considering that the channel is time-varying, the SINR at the receiving node might be lower than the specified SINR threshold, which leads to transmission failure. Therefore, statistically, the average rate of a transmission R equals
where Q is the successful probability of the considered transmission. 
III. PROBLEM FORMULATION
In the following, the average transmission rates of D2D pairs and CUs are respectively derived following Lemma 1.
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Lemma 1: For a given constant value a, a random variable g, and h = ag, if g follows the Nakagami-m distribution, that is, the PDF of g, f g (l), is expressed as equation (1), then, h follows the same distribution of g with the expectation value of aE [g]. That is, the PDF of h equals
Proof: Let F h (z) and F g (l) denote the cumulative distribution function (CDF) of h and g. Then, we have
Thus, the PDF of h, f h (z), equals
A. AVERAGE TRANSMISSION RATE FOR D2D PAIRS
Let I v u and g v u denote the interference and the channel gain from device u to device v, respectively. Let γ u,v s , P u tr , N 0 , and W respectively denote the SINR at the receiver when device u transmits packets to device v under the interference of device s, the transmit power of device u, the power spectral density of additive Gaussian white noise, and the channel bandwidth. Then, when d j shares the uplink resource of c i , we have
Let γ
is a constant value. Thus, according to Lemma 1, γ
follows the same dis-
with the expectation value of
Therefore, the PDF of γ
can be expressed as follows:
respectively indicate the SINR threshold for the successful transmission and the successful transmission probability when device u transmits data to device v under the interference of device s. Therefore, the successful transmission probability from
Here, (m, x) = x 0 t m−1 e −t dt is the upper incomplete gamma integral [18] . For the positive integer m, (m, x) can be calculated by
Then,
Moreover, since I 
Thus, when d j shares the uplink resource of c i , its average successful transmission probability, Q
, can be calculated by
where
According to equation (2), when d j shares the uplink resource of c i , its average transmission rate,
B. AVERAGE TRANSMISSION RATE OF CUs
In the considered resource-abundant scenario, there are two kinds of CUs, which are called co-channel and non-cochannel CUs, respectively. For the co-channel CU, it shares its uplink resource with one D2D pair; for the non-co-channel CU, it does not share its resource with any D2D pair. Next, we discuss the average transmission rate of these two kinds of CUs, respectively.
1) CO-CHANNEL CU
When a CU, i.e. c i , shares its uplink resource with a D2D pair, i.e. d j , the successful transmission probability from c i to
, can be derived by similar method in Section III-A.
That is
According to equation (2), the average transmission rate from to BS, R c i ,BS
2) NON-CO-CHANNEL CU When a CU, i.e. c i , does not share its uplink resource with any D2D pairs, the SINR at BS when c i transmits, γ c i ,BS After deriving the average transmission rate of c i and d j , the system sum-rate, R sum , can be expressed as Therefore, the sum rate maximization problem can be formulated as follows:
NCO , equals
Here γ min and γ max are the given minimum and maximum SINR value of the system. Obviously, Problem (20) is an MINLP, which is NP-hard in general. Next, we discuss how to solve this problem.
IV. SUM-RATE OPTIMIZATION
To solve Problem (20), we first consider the bipartite graph in Fig. 2 . The corresponding maximum weighted bipartite matching (MWBM) problem is as follows.
c i ∈C Here, R i,j is the maximum sum-rate of D2D pair d j and CU c i when d j shares the resource of c i . That is,
It is easy to find that Problem (21) is not exactly the same as Problem (20) since it only maximizes the sum-rate of the pairing devices. When the number of CUs is more than the D2D pairs, the rates of the CUs without pairing with D2D pairs are not included in the object function of Problem (21) .
To make sure that all the mobile devices are considered in the MWBM problem, we add |C| − |D| virtual D2D pairs, as shown in Fig. 3 . Let D vir denote the set of virtual D2D pairs. Let D denote D ∪ D vir . Then, the MWBM problem is changed to
When d j is a virtual D2D pair, R i,j equals
To obtain R i,j , we apply the Simulated Annealing (SA) algorithm [19] to obtain the near-optimal SINR thresh- 
Generate a random number z ∈ [−1, 1]; 9: Calculate the random SINR threshold variation γ : γ = T n z; 10: Calculate the new solution γ new : (γ new = γ 0 + γ ); 11: if (γ new ≥ γ min ) and (γ new ≤ γ max ) then 12: Calculate R = R(γ new ) − R(γ 0 ); 13: Generate a random probability p ∈ [0, 1];
14:
end if 17: end if 18 :
end while 20: n ← n + 1; T n ← λT n−1 ; 21: end while 22: Output the optimized R(fin).
where the temperature is reduced from the initial temperature T 0 to the minimum temperature ''1''. SA is basically composed of two processes: one process for the generation of solutions and the other for the acceptance of solutions [20] . If the temperature is reduced too rapidly, the SA algorithm may converge to a local-optimal solution; otherwise, if the temperature is reduced too slowly, the SA algorithm may take a long time to converge. Let T n denote the temperature at step n. In [21] , it has been proved that if the initial temperature T 0 is sufficiently large and the temperature cooling equation satisfies T n ≥ T 0 ln(1+n) , (n = 1, 2, . . .), the SA algorithm will converge to the global-optimal solution with probability one. However, this temperature cooling equation usually makes the SA algorithm converge very slowly. In this paper, we use the temperature cooling equation proposed in [22] , T n = λT n−1 , to speed up the convergence, where λ is the cooling factor. At each temperature, the SA algorithm has L iterations of the SINR threshold. At each iteration, we generate a new SINR threshold γ new according to the random SINR threshold variation γ . If γ new can improve the transmission rate, it will be accepted and the current SINR threshold γ 0 is renewed as γ new ; even if γ new can not improve the transmission rate, it can still be accepted with a probability. The acceptance mechanism gives the SA algorithm the probability to jump out of the local optimal solution and reach the global optimal solution. The effect of the setting of the parameters in SA algorithm will be discussed in Section V-A.
After obtaining the R i,j , we can use the HG algorithm [23] to solve the MWBM problem. The proof of the optimality and discussion of complexity for HG algorithm is also given in [23] .
V. PERFORMANCE EVALUATION
In this Section, we carry out simulations to evaluate the performance of the proposed algorithms. In the simulations, the D2D pairs and CUs are uniformly distributed within the circular area centered at BS with radius 500 m. The expected value of channel gain E [g] is obtained from the long-distance path-loss model with path-loss exponent of 4. We cite the system parameters adopted in [24] . In particular, the transmit power of the CUs and D2D pairs is set to 23 dBm. The channel bandwidth, the noise power density, the minimum and maximum system SINR threshold are set to 1 MHz, −174 dBm/Hz, 0.1, and 1000, respectively. The distance between the transmitter and receiver of each D2D pair varies from 5 m-50 m. The fading coefficient m is set to 3 in all the simulations except Fig. 14 . We use Matlab software to obtain the simulation results.
A. PERFORMANCE OF THE SA ALGORITHM
To evaluate the performance of the SA algorithm, we first need to discuss the setting of the parameters in SA algorithm. Fig. 4-6 respectively show the effect of the initial temperature T 0 , the cooling factor λ, and the number of iterations at each temperature L on the system performance. From Fig. 4-6 , we can see that the performance of SA algorithm is better when T 0 , λ, and L are bigger. The reason is that when T 0 , λ, and L are bigger, the SA algorithm has enough time to find the global optimal solution. Next, we compare the performance and running time of the SA algorithm with the Numerical Search (NS) method, as shown in Fig. 7 and 8 . Since the running time of the NS method increases exponentially as the network size, we can only obtain the solution of a small network with two CUs and one D2D pair. In SA algorithm, T 0 , λ, and L are set to 30, 0.96, and 40, respectively. In the NS method, the searching steplength is set to 0.01. From these two figures, we can see that the performance of the proposed SA algorithm is close to the NS method. However, the running time of the SA algorithm is much shorter than the NS method. The reasons are as follows. First, the acceptance mechanism of the SA algorithm allows a worse solution to be accepted with a probability, which gives the SA algorithm the probability to jump out of the local optimal solution and reach the global optimal solution. Thus, the performance of the SA algorithm can be close to the NS method. Second, since the SA algorithm does not need to search all the possible setting of the SINR thresholds, its running time is much shorter than the NS method.
We further compare the performance of SA algorithm with the following SINR threshold policies in the big networks with random numbers of CUs and D2D pairs, as shown in Fig. 9 .
1) Average SINR (AS) policy, in which the SINR threshold is set to the average SINR of the receiving node;
2) Single SINR (SS) policy, in which the SINR threshold for all the transmissions is the same and optimized by numerical search.
The random range of the number of CUs and D2D pairs is set to [36, 40] and [30, 35] , respectively. The parameters of SA algorithm are set to the same values as those in Fig. 7 . From Fig. 9 , we can see that compared with the AS and SS policies, the SA algorithm can achieve a sum-rate improvement of 11.3% -63.4%. This improvement is because the SA algorithm can carefully select a near-optimal SINR threshold for each transmission link.
B. PERFORMANCE OF THE HG ALGORITHM
To identify the effectiveness of the HG algorithm in solution finding, we compare it with the Exhaustive Search (ES) method in terms of the system sum-rate and running time, as shown in Fig. 10 and 11 . Since the computation complexity of the ES method increases exponentially with the network size, we can only obtain the solution for small networks. From Fig. 10 and 11 , we can see that the performance of the HG algorithm is exactly the same as the ES method, but its running time is much shorter than the ES method.
To evaluate the performance of HG algorithm in big networks, we further compare it with the following CU selection schemes: 2) Farthest First (FF) allocation, in which each D2D pair shares the resource with the farthest CU;
3) Random (RD) allocation, in which each D2D pair shares the resource with a randomly selected CU.
From Fig. 12, Fig. 13 , and Fig. 14, we can see that compared with the NF, FF, RD CU-selection schemes, the HG algorithm can achieve the system sum rate improvement of 10.9% -72.8%.
The performance improvement above is due to the optimality and low-complexity of the HG algorithm [23] .
VI. CONCLUSION
In this paper, we have studied how to maximize the sumrate of the D2D networks over the Nakagami-m fading channel in the resource-abundant scenario where the number of CUs is more than that of D2D pairs. Different from most of the existing works that assume the SINR thresholds are given, we jointly considered the optimization of the SINR thresholds and the CU-D2D pairing. By doing this, the rate adaption module in each transmitter can select a proper modulation scheme and coding rate according to the obtained near-optimal SINR threshold, which further improves the network performance. We formulated the problem as an MINLP, which is NP-hard in general. We further proposed a two-step approach to solve this NP-hard problem. First, we added virtual D2D pairs to make the number of D2D pairs equal the number of CUs, and obtained the near-optimal SINR threshold for each possible CU-D2D pairing by the SA algorithm. Second, we used the HG algorithm to obtain the optimal CU-D2D pairing. Simulation results demonstrated that compared with the AS and SS SINR threshold setting policy, the SA algorithm can achieve a sum-rate improvement of 11.3% -63.4%. The HG algorithm outperforms the NF, FF, RD CU-selection schemes at a ratio of 10.9% -72.8%.
In the future work, one interesting direction is to consider the resource allocation for the green D2D networks over the time-variant channel. To reduce the energy consumption of the D2D networks, we need to jointly consider the optimization of the transmit power of the mobile devices, which makes the theoretical analysis much more complicated. Another interesting direction is to further consider the channel characteristics diversity of different subcarriers. In this case, we not only need to consider the selection of CUs, but also the selection of subcarriers, which further improves the system performance but also complicates the resource allocation problem. 
